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A TWO-BLADE AND A THREE-BLADE PROPELLER

By Jerome B. Hammack
SUMMARY

As part of a fllght program at the NACA to obtain Information on
general propeller aerodynamlc characteristics, an investigation has been
madeo of a two-blade and a three-blede propeller on a slender-nose fighter
alrplane in climb and at high speed.

In climbs, the propeller efficlency varied with both change in
operating englne power and changs 1n blade number. For normal rated
englne power (900 hp and 2600 rpm) the propeller efficiency was higher
then for military power (1200 hp and 3000 rpm), being on the order of
4 percent higher at 12,000 feet with a three-blade propeller. With a
two-blade propeller, the propeller efficlency was approximetely the same
for normal rated and military power at altitudes below 12,000 feet. At
altitudes above 12,000 feet, the propeller efficlency for the military-
pover condition increased by about 6 percent at 20,000 feet because of the
power drop when the criticeal altitude was exceeded. A change in blade
number from three to two resulted 1n a decrease 1n propeller efficlency
from 8 to 14 percent for the normal-rated-power condition and about
6 to T percent for the military-power condition. This loss in effi-
clency was due to increasing the power loading’per blade which took
place when the blade number was changed.

. In high-speed flight at a Mach number of 0.7, propeller efficiency
increased 17 percent when the power coefficlent per blade was lncreased
from 0.07 to 0.17 at the normal engine rotational speed of 2600 rpm; thus
the propeller efficiency 1s shown to increase with power coefficlent at
higher speeds. Further improvement might have been obtained 1f the
propeller had been tested at higher loadings, since the values of effi-
clency continued to increase up to the highest loadings used in the
tests. Compressibility losses occurred at high speed whenever a tip
Mach number of 0.9 was reached and Increased in severity with further
increases in tip Mach number. The main sources of efficlency loss
were the shank and tlp sections of the blade. Tip compressibility
losses could be minimized by reducing rotational speed. When the tip
Mech number was reduced from 0.96 to 0.82 at the same blade power
coefficient (0.13) and advance ratio (2.5), the propeller efficiency
increased by U4 percent.
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JINTRODUCTION

As part of a flight program to determine the asrodynemic character-
1stics of various propellers, tests have bsen maderof two-blade and
three-blade propsllers on a high-speed fighter airplanse.

The unrestricted free-stream flow about the splnner and nose of
the airplane used for the tests 1s especially suited. to the study of
propeller shanks. The shank problem has been discussed in reference 1
from some of the data obtalned in this serles of tests. Complete
results of the tests on this propeller are presented; and climb and
high-speed characteristics, as affected by blade loading, are discussed.

SYMBOLS
B number of blades
b blade width (chord), feet
CP power coefficient i3
pn355
CP2 power coefficient per blade for & two-blade propeller
CP3 povwer coefficient per blade for a three-blade propeller
cy section 1ift coefficlent
czd design section 1ift coefficient
CZO 7R 1ift coefficient at 0.7 radius
T
c thrust coefficlent
ac
Té element thrust coefficient
a(xg5")
c speed of sound in air, feet per second
D propeller diameter, feet
D drag, pounds
h blade section meximum thickness, feet




NACA TN No. 1784 3

J advance ratio (V/nD)

L 11ft, pounds

M airplane Mach mumber (V/c)

M helical tip Mach number

n propeller rotational speed, revolutions per second

P engine power, foot-pounds per second

R propeller tip radius, feet

r redius to a blade element, feet

rg redius to a survey point, feet‘

T thrust, pounds

v true alrspeed, feet per second

x fraction of propeller tip radius (r/R)

x, = I8

B blade angle at any radlus, degrees
JCr

1 efficiency <—C—£>

p density, slugs per cubic foot

PROFPELLER AND TEST EQUIPMENT

Blade-form curves for the propeller tested are shown in figure 1.
The shenks are characterized by a rapid transition from thin sections
along the blade to round sections at the roots. The airplane used was
a fighter-type alrplane having an engine installation which permits a
slender nose shepe. A photograph of the airplemne in flight is shown In
flgure 2.
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Qther pertinent propeller and engline specifications are as follows:

Propeller characteristics:

Propeller diameter, £E6t scessecscssssccccscscssossssesascsnsas 11.08

DBSigl’l ]—ift coefficient ® €8 00060000008 0000000060,000006000000000000 O
Bla.d.e &ctiﬂtyf&ctor 00 0002 0600000800000 000000006600000000s0s e l

5
30

Bl&de Bections P00 G e s 0P eses s sREacec00eP0OBs0tOsROLBeOLEe NA,CA 16 Beries

Calculated deslgn 2dvence Iratlo seeseecececccoscscecoccsscsaces 2

5

Calculated design power coefficient per bladBeceecceccecscocsss 0.12

Engine characteristics:

Dosignation .cecececcceccrsceascasaconsvascesesesces Allison V-1710-93
Propeller gear ratio ecececccscesssccsccsncssrscscnccsscassseae 2.23:1
Normael power rating:
Engine gpoed., YPIL +ecececereccscsccscscscaccassasccnsonacsns 2600
Menifold pressure, inches Of MEYCUTY ccecececcsccccscecnsss - 38
HOI'SOPDOWET «cecceecceccossocscessoccssscostsccsescssscscsces S00

Critic&l altitude (appro:x:l.ma‘bely), FOOL cceeccscccnscceancns 2’4‘,000

Military power rating:

Engine speed., YPIM seecssccsecccccccsotssscssnssssscsacncncne 3000

Manifold pressure, inches of MBT'CULY eecoccovsccccsvcoccnocsne

50

Horsepower ..'.'...l'......r.l.'.....l.....'.....OI......‘. 12%
Critical altitude (approximately), 66t ceceecececssscscasss 16,000

Propeller torque was measured by an NACA hydraulic torquemeter. The
hydraulic torquemster was similar to the torquemeter used in reference 2

and measured torque by balencing propeller counter torque agelnst a
hydraulic piston, the oil pressure within the hydrailic cylinder being
proportional to propeller torque. Torquemeter operation was checked
frequently by several recalibrations during the test program. From
these checks the torquemeter measurements were beleived to be accurate
to within ¥2 percent.

Propeller thrust was measured by the slipstream-survey method
described in reference 3. The survey rake was located about 3% feot

(0.32D) behind the plane of the propeller and can be seen mounted on
the alrplane with the two-blade propeller installation 1n figure 3.

Standard NACA recording instruments were used to determine englne speed,

Impact pressure, statlc pressure, and free-air temperature.
TEST PROCEDURES

Climb tests.- With engine speed, manifold pressure, and indicated
airspeed held at desired values, short records were teken at prescribed
intervals as the airplane climbed from sea level to altitude.

. e —— — -~ e —
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Data were obtained in the followlng conditions, all at an indicated
airspeed of 165 miles per hour:

(1) Normel rated power, three blades.
(2) Military power, three blades.

(3) Normal rated power, two blades.
(4) Military power, two bledes.

High-speed tegts.- All high-speed runs were at an altitude of
20,000 feet. Each run was made at values of engine speed, torque, and
Indicated airspeed selected to produce a desired combination of values
of airplane Mach number, propeller advance ratio, and power coefficlent.
Because the alrplane was usually climbing or diving during each run,
only engine speed, torque, and alrspeed could be fixed. These values
were held constant as the alrplane passed through an altitude of
20,000 feet, where a short record was teksn.

REDUCTION OF DATA

‘The methods for reduction of recorded data were simllar to those
outlined in reference 3. In calculating values of propeller efficiency,
the effect of slipstream rotation on the total-pressure measurement was
neglected. This effect, which is discussed in reference 4, 1s a function
of advance ratio, number of blades, and power loading. The uncorrected
values, although from 3 to 4 percent too high, are nevertheless suffi-
ciently accurate for comparative purposes, in that differences in
correction ars small over the test range.

RESULTS AND DISCUSSION

Climb tests.~ The behavlior of the propeller in both a three-blade
and a two-blade configuration in climbs at an indicated airspeed of
165 miles per hour is shown in figures 4 to 7. These figures show the
effect of increasing the power coefficlent per blade by approximately
50 percent in climbs at both normal rated and military power.

Exact values of the aemount of increase in power loading per blade
plotted as the ratio CP2 /CP3 against advance ratio J are shown in

figure 8.
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For the normal-rated-power condition with three blades the measured
data are shown in figure 4. Derived values of section 1lift coefficient
are shown in figure 9{a). For the range of section 1ift coefficient
covered the lift-dreg ratio (1/D) is increasing with increasing 1ift
coefficient (reference 5). The propeller efficiency varies from 88 to
90 percent-

Decreasing the number of blades from three to two increasses the
power per blade as shown in figure 8. In the normal-rated-power climb
condition this increase in power loading i1s accompanied by a decrease in
efficiency (fig. 5). The decrease of propeller efficiency with altitude
is due primarily to Increasing the 1ift coefficients beyond the most
favorable I/D renge into the stall region. The slight increase at the
end of the climb is due to a reduction in power loading, accompanied by
reduced blade 11ft coefficlents which resulted in decreased profile
drag losses. The variations in 1ift coefficient are shown in figure 9(db).
The efficiency varies from T4 to & percent through the climb range, a
decrease of 8 to 14 percent from the lower blade loading. Efficiencies
calculated by means of references 6 and T show & loss of the same
magnitude under these conditlons. This decrease in operating effic¢iency
is caused by (&) reduction in the number of blades which increased the
induced losses and (b) increased profile drag losses, both becguse of
the higher angle of attack of the blade element and because of the
approach of the blade element to the stall region.

Results obtalned with the three-blade propeller in a mllitary-
power climb are shown in figure 6. Propeller efficiency varies from
83 to 87 percent. The increase at altitude is attributed to a reduc-
tion in axial energy losses with Increase 1n forward speed. When the
power coefflcient per blade is increased by using a two-blade propeller
(fig. 7) instead of a three-blade propeller the efficiency drops to
values between 77 and 80 percent through the same range, a difference
of 6 to 7 percent. Variation of section 1ift coefficients for military-
power climb in both a three-blade and two-blade configuration can be
seen in figures 9(c) and 9(d).

Changing the blade number from three to two for normal rated power
was found to decrease the efficiency by 8 to 14 percent, depending on
altitude. This same change Iin blade number for the military-power
condition produces a decrease in efficiency of only 6 to 7 percent.
This smaller efficiency drop results from the fact that the power
loading on the blade is not chenged so drastically in the military-
power condition, &8s can be seen in figure 8.

A comparison of the efficiency of the three-blade propeller at
normel power (fig. 4) end militery power (fig. 6) in climb shows that
the efficiency is higher at normal power, being of the order of L4 percent
higher at 12,000 feet. Figure 10 shows a comparison of the propeller char-
acteristics in the normal-rated and militexry power conditions. As shown
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in figure 10, this higher efficiency at normal power is to be expected
because, at any glven altitude, the propeller at normal power operates at
lower tip Mach numbers, higher values of J, and at approximately the
same value of R TR as the propeller at military power. The effi-

ciency at military power increases from 83 percent at 4000 feet (J = 1.06)
to approximately 87 percent at 16,000 feet (J = 1.28) in spite of an
increase in tip Mach number from 0.73 to 0.78 and an increase in °2, -

from 0.75 to 0.83. This increase of efficiency with altitude indicates
that the increase in J (fig. 10) has the principal effect and that the
Bections are apparently operating at subcritical Mach numbers. Similarly,
reduction In efficlency at military power from that at normal power at a
glven altitude must be ascribed chiefly to the lower values of J at
military power in the climbing range. Similarly, a comparison of the
efficiency of the two-blade propeller at both normal power and military
power shows that the propeller efficlency was approximately constent at
altitudes below 12,000 fest. At altitudes above 12,000 feet, the pro-
peller efficiency Increased when military power was used to the extent
that at 20,000 feet a gain in efficiency of the order of 6 pgrcent was
obtained as a result of the decrease in power when critical altitude was
exceeded .

Thrust gradient curves obtained at military power for both three-
blade end two-blade operation are shown in figures 11 and 12. The
curves show no compressibility effects. Neither were compressibility
losses evident in normal-rated-power climbs.

High-speed tests.- For the high-speed investigation, the airplane was
flown at speeds from a Mach number of 0.3 to & Mach number of 0.7 for a
range of power coefficlent per blade from 0.07 to 0.1r7. The high end of
this range was made posslble by reducing the number of ‘blades from three
to two.

The effect of blade power loading on propeller efficiency is shown
in figures 13 and 14. Runs for figure 13 were made at an engine speed of
2600 rpm and runs for figure 14 at an engine speed of 3000 rpm to determine
the effect of tip Mach number. The seffect of blade loading on efficiency
at & Mach number O.7 is presented in figure 15. At a forward Mach
number of 0.7, the efficlency of the propeller increases with power
coefficient per blade. Figure 15(a) shows the variation of propeller
efficiency with shank losses included. As pointed out in reference 1,
shank losses reduce propeller efficiency for this propeller less as
power loading is increased at high speeds, and this fact accounts for most
of the improvement shown. Figure 15(b) presents the variation in
propeller efficliency when shank losses are omitted. Data for shank
losses were obtalned from reference 1. The lmprovement in propeller
efficiency with blade loading as shown in figure 15(b) results from
the decreased proflle drag resulting from propeller sections operating
at more fayorable L/D ratios. Lift coefficient values for a typical
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run are shown in figure 16. These data show that, at a blade power coef-
ficient of 0.17, the blade sections are operating at very nearly the design
11ft coefficient of 0.5. TFigure 15(a) shows that, at an engine speed of
2600 rpm, increasing the power coefficient per blade from 0.07 to 0.17

(en increase of 0.10) increases the propeller efficiency at a Mach number
of 0.7 from 65 percent to & percent or an increase of 17 percent. At an
engline speed of 3000 rpm, increasing the power coefficient per blade from
0.07 to 0.13 (0.13 being the meximm value obtainable at an engine speed of
3000 rpm) increased the efficiency at a Mach number of 0.7 from 69 percent
to T4 percent. The decreased efficiency at an engine speed of 3000 rpm as
compared with that at 2600 rpm is due to the higher tip Mach numbers
aggoclated with the higher rotational speed. At an alrplans Mach number

of 0.7, the tip Mach mumber is 0.95 for an engine speed of 2600 rpm and
1.03 for an engine speed of 3000 rpm.

The msin sources of efficlency loss In high-speed flight with this
blade design are present at the tip and shank sections of the blade.
Compressiblility losses are generally known to begin at the tip and to proceed
inboard progressively with increasing speed. This shift in load unloads
the outer sections of the blade and reduces the part of the disk area
that carries the load; the load on the inboard section is thus increased.
Tip losses can be seen graphically in figures 17 and 18, which are
typical thrust distributions. Flgure 17 is for the -lowest power coeffi-
clent per blade obtained, and figure 18 is for the highest. Losses due
to compressibility are evident whenever tip Mach mumbers of the order
of 0.9 are attained. These losses could be reduced by reducling tip
speed. For example, at an advance ratio of 2.5 and power coefficient
- per blade of 0.13, a reduction in tip Mach nmumber from 0.95 to 0.8
increases the propeller efficiency by epproximately 4 percent. For higher
advance ratios, larger gains would be reaiized. The data of figures 17
and 18 show that the shank sections account for a large part of the
efficiency loss. The negative area shown represents drag and varies
principally with airplane Mach number. This loss appears to be relatively
independent of power loading. TIosses due to the shanks of this propeller
have been discussed fully in reference 1, which points out that the
losses are caused by thick airfoll sections in the shank region. As
was stated in reference 1, shank losses account for an efficiency loss
of approximately 9 percent at a Mach number of 0.7 at a test power
coefficient of 0.17 per blade.-

The propeller used in these tests has relatively high efficiency ‘at
a forward Mach number of 0.7 when operated at the highest test power
coefficient. This efficiency might be further improved by increasing
the power loading and aerodynamically lmproving the shank sections. An
increase in power loeding, however, would be detrimental for climbing
performance as shown in the section on "Climb tests."” Shenk sections
could be lmproved either by increasing the spinner diameter as reported
in reference 1 or possibly by carrying thin airfoll sections into the
spinner. Both of these methods apply only to high-speed flight, as
shank losses are neglible in climbs.
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CONCLUSIONS

Flight investigations of a three-blade and a two-blade propeller
mounted on a slender-nose fighter airplane indicated the following
conclusions:

1. For three-blade operation, the .propeller efficiency in climbs
weas higher for normal rated power than for military power, being &bout
4 percent higher at an altitude of 12,000 feet. For two-blade operation,
the propeller efflciency was approximately constant at altitudes below
12,000 feet. At altitudes above 12,000 feet, the propeller efficlency
increased when military power was used to the extent that at 20,000 feet
a gain in efficlency of the order of 6 percent wes obtained as a result
of the decrease in power when critical altitude was exceeded .

2. When the blade mumber was changed from three to two, the propeller
efficiency decreased about 8 to 1L percent for the normal-rated-power
condition and about 6 to T percent for the military-power condition
because of the increase in power loading per blade.

3. At a Mach number of 0.7 with an engine speed of 2600 rpm, propeller
efficlency lncreased 17 percent as a result of increasing the power coeffi-
cilent per blade from 0.07 to 0.17; thus the propeller efficliency is found
to -Increase at high speeds with Increased power loading per blade.

k. Compressibility losses appeared with this blede design at a +tip
Mach number of about 0.9.

5. The main sources of efficlency loss were present in the shank
and tlp sectione of the blade. Tip losses could be minimized by
reducing rotational speed, as when the tip Mach number was reduced Trom
0.95 to 0.8 at the same power coefficient per blade (0.13) and advence
ratio (2.5) the propeller efficlency increased by It percent.

‘ Langley Aeronautlcal Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., November 3, 1948
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(c) Test conditions: 1 = 86.0 percent; J = 1.22; Cp = 0.228; Cp, = 0.160;
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(&) Test conditians: g = 87.6 percent; J = 1.32; Cp = 0.2515 Cp = 0.167;

M=

0.303; M, = 0.78%.

FPigure 1l1.— Concluded.
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(b) Test conditions: y = T7.5 percent; J = L.22; C, = 0.220; C,, = 0.140;
17 M= 0.2803 u,: = 0.TTh.. % > ?

Figure 12.- Thrust gradient curves for military-power climb with two-
blede propeller.
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(a) Test conditions: n = 84.2 percent; J = L.blj C. = 0.233; = 0.139;
: M = 0.334; M; - 0.815.’ % 3 O 3%

Figure 12. Continued.
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(e) Test conditioms: n = 88.2 percent; J = 1.56; Cp = 0.205; Cp = 0.116;
M= 0.379; Mt - 0-851.

Figure 12.—~ Concluded.
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Figure 13.- Variation of efficiency of tested propeller with Mach number
at engine speed of 2600 rpm.
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Figure 1lh4.~ Variation of efficiency of tested propeller with Mach number

at engine speed of 3000 rpm.
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Figure 16.- Variation of ¢y of propeller tested with Mach number at high
speeds. Engine speed, 2600 rpm.



NACA TN No. 1784 33

2
v /D..{n-ﬂ-ﬂ"ﬂ' thr g7
e l\rz/rre}/
ac { - LerF SN\
s / / survey Tﬂi‘!%:@:
Oy o BB gn-0olo
2 ]
3
/ —%
3]
B
A
? ~QAGE~
<J L1
o 2 N 2.6 .8 AO o
Xs:

() Test conditions: g = 90.8 percent; J = 1.45; Cp = 0.147; Cp = 0.092;
M= 0.301; M = 0.T718.

Figure 17.- Thrust gradient curves of tested propeller at high speed.
Power coefficient per blade of 0.07 at an engine speed of 2600 rpm.
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(b) Test conditions: y = 91.kt percent; J = 2.13; = 0.147; = 0.063;
1 M = 0.4hlL; u; 2 0.791.’ e 3 Or ?

Figure 17.— Continued.
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(c) Tost conditions: n = 87.7 percent; J = 2.55; Cp = 0.142; Cp = 0.049;
M = 0.534; M, = 0.843.

Figure 17.— Continued.
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() Test conditloms: n = 68.7 percent; J = 3.27; Cp = 0.153; Cp = 0.032;
M = 0.6T7T; M = 0.938.

Figure 17.-—- Continued.
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Pigure 17.— Concluded.
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(a) Test conditicms: 1 = 70.0 percent; J = 1.16; Cp = 0.315; Cp = 0.1513
M=o 0-3011-; H'b = 0.722.

Fl 18.- Thrust gradient curves of tested propeller at high speed.
%ower coefficlent per blade of 0.17 at engine speed of 2600 rpm.
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(b) Test conditions: % = 83.9 percent; J = 1.90; = 0.319; C, 0.11;,1-
| M= 0.3%; M, = 0.T65. % ’r ?

Figure 18.— Continued.
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(c) Test conditions: % = 89.T percant; J = 2.613 Cp = 0.322; Cp = 0.111;
M= Q.SLIS; M‘b = 0.853. \
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Figure 18.— Continued.
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(1) Test conditions: n = 89.0 porcent; J = 3.14; Cp = 0.328; Cp = 0.093;
M = 0.652; My = 0.923.

Figure 18.— Continued.
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Test Conditions: 7 = 81.5 percent; J = 3.42; G, = 0.331; Cp = 0.079;
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Figure 18.— Concluded.



